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CONTENT ADDRESSABLE MEMORY
CIRCUITS WITH THRESHOLD SWITCHING
MEMRISTORS

STATEMENT OF GOVERNMENT INTEREST

This mvention was made with Government support. The
Government has certain rights in the ivention.

DESCRIPTION OF RELATED ART

Content addressable memory (CAM) 1s a type of memory
that can perform a search operation 1n which a data string
may be input as search content and the resulting output 1s an
address of a location 1n the memory that stores matching
data. This 1s 1n contrast to a read operation 1n which an
address 1s input and the resulting output 1s the data stored 1n
the memory location corresponding to the searched address.
Certain CAMs may be able to perform both the aforemen-
tioned search operation and the aforementioned read opera-
tion, while non-CAM memories may be able to perform the
read operation but not the search operation.

Ternary CAM (TCAM) 1s a type of CAM 1n which the b1t
cells can store a wildcard data value 1n addition to two
binary data values. When a bit cell that stores the wildcard
value 1s searched, the result 1s a match regardless of what
search criterion 1s used to search the bit cell. Certain TCAMs
may also allow a search to be conducted on the basis of a
wildcard search criterion. When a bit cell 1s searched based
on the wildcard search criterion, the result 1s a match
regardless of what value 1s stored 1n the bit cell.

Memristors are devices that may be used as components
in a wide range of electronic circuits, such as memories,
switches, radio frequency circuits, and logic circuits and
systems. In a memory structure, a crossbar array of memory
devices having memristors may be used. In memory devices,
memristors may be used to store bits of information, 1 or O.
The resistance of a memristor may be changed by applying
an electrical stimulus, such as a voltage or a current, through
the memristor. Generally, at least one channel may be
formed that 1s capable of being switched between two
states-one 1 which the channel forms an electrically con-
ductive path (*on”) and one 1n which the channel forms a
less conductive path (“ofl”). In some other cases, conductive
paths represent “ofl” and less conductive paths represent
“on.” Furthermore, memristors may also behave as an
analog component with variable conductance.

BRIEF DESCRIPTION OF THE DRAWINGS

The present disclosure, 1n accordance with one or more
various embodiments, 1s described 1n detail with reference to
the following figures. The figures are provided for purposes
of 1llustration only and merely depict typical or example
embodiments.

FIG. 1 shows an example diagram 1llustrating prior art
pull-down match-line transistors within a content address-
able memory.

FIG. 2A 1llustrates an example row of an array of bit cells
in accordance with embodiments of the technology dis-
closed herein.

FIG. 2B shows a chart illustrating operation of example
TS memristors 1n accordance with embodiments of the
technology disclosed herein.

FIG. 2C shows another chart illustrating operation of
example TS memristors 1n accordance with embodiments of
the technology disclosed herein.
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2

FIG. 3 illustrates an example content addressable memory
with TS memristors 1n accordance with embodiments of the
technology disclosed herein.

FIG. 4A shows a prior art analog content addressable
memory (aCAM) cell.

FIG. 4B shows an example TS memristor-based aCAM
cell assembly 1n accordance with embodiments of the tech-
nology disclosed herein.

FIG. 5A shows a prior art memristor-based content
addressable memory (mCAM).

FIG. 5B shows an example TS memristor-based mCAM
cell assembly 1n accordance with embodiments of the tech-
nology disclosed herein.

FIG. 6 shows an example TS memristor-based static
random access memory content addressable memory
(SRAM CAM) cell assembly 1n accordance with embodi-
ments of the technology disclosed herein.

FIG. 7 illustrates an example device 1n accordance with
embodiments of the technology disclosed herein.

FIG. 8 shows an example TS memristor-based CAM
including example control circuitry 1n accordance with
embodiments of the technology disclosed herein.

FIG. 9 illustrates an example machine-readable storage
media with 1nstructions in accordance with embodiments of
the technology disclosed herein.

The figures are not exhaustive and do not limait the present
disclosure to the precise form disclosed.

DETAILED DESCRIPTION

Content addressable memory (CAM) 1s a hardware that
compares the input pattern against the stored binary data.
The stored data of a CAM 1s not accessed by 1ts location but
rather by 1ts content. A word, or “tag,” 1s input to the CAM,
the CAM searches for the tag in its contents and, when
found, the CAM returns the address of the location where
the found contents reside. CAMs are powertul, eflicient, and
tast. The input patterns and data in CAMs are represented by
logic “0’s and logic ‘1’s (generally referred to as a binary
CAM). Reading, writing, and comparing are the three main
modes of operation for CAMSs. Data stored in CAMSs rep-
resents the memory address in random-access memory
(RAM) where the underlying data sought 1s stored. If the
data 1n RAM 1s to be accessed, the CAM 1s searched for the
address associated with that desired data, with the memory
address being retrieved from the CAM. In a binary CAM, an
iput search word 1s compared to a table of stored words
through search lines and, if a match 1s found for the input
search word 1n the stored CAM words, the CAM returns the
address of the matching data to an encoder. If no match 1s
found 1n any of the stored words, no match 1s imndicated on
the match lines and, 1n some cases, a flag may be triggered
indicating the miss.

CAMS can be categorized as “bimnary” or “ternary.” A
binary CAM (BCAM) operates on an input pattern contain-
ing binary bits of logic ‘0’ and logic ‘1.” A ternary CAM
(TCAM) operates on an iput pattern (and stores data)
containing not only binary bits of logic ‘0’ and logic “1° but
also an ‘X’ value, commonly referred to as a “wildcard” or
a “don’t care bit.” In this way, TCAMs allows for additional
complexity, as the search 1s allowed to search not only for
direct matches to the binary mputs (‘0’s and °1’s) but also
allows the addition of so-called “don’t care™ bits, allowing
for a bit to be either a logical ‘0 or logical *1” for a match.
Thus, a search on an mput pattern such as “10X1” 1n a

TCAM would return a match for both “1001” and “1011.”
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Each bit cell of a CAM or TCAM 1s connected to a match
line (ML) via a pull-down transistor (or match-line transis-
tor). FIG. 1 1s an example diagram illustrating prior art
pull-down match-line transistors within a CAM, to illustrate
the use of pull-down transistors. In conventional CAMs and
TCAMSs, the MLs are pre-charged to be at a high level
(indicative of a match). Pre-charging occurs prior to con-
ducting any search by applying a voltage V..., to the gate
of a pre-charge transistor 101. Applying the voltage V_, .
to the gate causes the pre-charge transistor 101 to create a
path from a match-line driver (not shown 1n FIG. 1) attached
to the ML and configured to apply a voltage corresponding,
to a match. In this way, ML i1s pre-charged to a high state,
consistent with indicating a match to an encoder (not shown
in FIG. 1) on the opposite end of the row containing the
plurality of bit cells representing a data word. During a
search, 1f the search input (or comparand) does not match a
data word stored 1n the bit cells representing a word storage
block (1.e., the bit cells along a row 1n an array of bit cells
making up the CAM), the state of the match-line transistor
of a the mismatched bit cell 1s changed (1.e., from OFF to
ON), thereby pulling the voltage on the associated ML down
(1.e., going from HIGH to LOW) to indicate a mismatch. As
seen 1 FIG. 1, a plurality of pull-down-type match-line
transistors 102a-n can be connected to the same match line
ML, each having its own gate voltage V1-Vn. In various
embodiments, one or more match-line transistors 102a-» can
be associated with the same bit cell.

A major limitation for CAMs and TCAMs 1s word length.
The use of the pull-down match-line transistors limits the
ability for CAMSs or TCAMs to search longer words at once,
instead requiring that larger words (e.g., 72-bit words) be
broken into different 8-bit or 16-bit chunks. This limitation
arises due to the non-zero sub-threshold current leakage of
match-line transistors connected to the same match line ML.
As the number of bit cells are connected to the same match
line ML the additive sub-threshold leakage current from
cach pull-down match-line transistor provides a path for
discharge of the match line ML. Therefore, an erroneous
indication of a mismatch (1.e., a false-negative) can be
sensed on match line ML. Therefore, the number of bit cells
on a particular match line ML must be limited using tradi-
tional match-line transistors, resulting in the need for a
greater number of chunks and the use of logical addition of
cach search result of the plurality of chunks to maintain
performance of the CAM or TCAM. Due to this leakage, the
readout margin between a “match” case and a “mismatch”™
case 1s reduced, vielding incorrect results and interfering
with eflicient operation of the CAM or TCAM. In some
instances, the sub-threshold leakage can change the search
range, leading to inaccuracies in bit cell operation.

Embodiments of the present disclosure addresses the 1ssue
of sub-threshold current leakage by changing the standard
approach to match lines. As discussed in greater detail
below, embodiments of the technology disclosed herein
replaces the traditional pull-down-type match-line transistor
with a threshold switching ('T'S) memristor. TS memristors
exhibit a significantly smaller conductance swing than tra-
ditional MOSFET transistors, thereby greatly decreasing the
sub-threshold current leakage on the ML. Conductance
swing 1s defined as the ratio between the logarithmical of the
conductance change and the change of applied voltage
during the conductance switching. For silicon-based three
terminal MOSFET transistors, the applied voltage 1s usually
the gate voltage (which triggers the conductance switching),
and the conductance swing 1s usually called a subthreshold
swing. The physical lower bound of the swing for traditional
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4

silicon-based three terminal MOSFET transistors 1s greater
than 60 mV/decade, even when a low voltage 1s applied to
the gate. For the TS memristor, the applied voltage 1s the top
clectrode voltage, which triggers the conductance switching.
Unlike three terminal MOSFET transistors that relies on the
gate voltage to control the resistance between the source and
drain terminals, the TS memristor’s resistance 1s controlled
directly by the voltage across the TS memristor (1.e., from a
top electrode to a bottom electrode of the device). Because
the applied voltage 1s directly applied to the top electrode,
rather than a third terminal (1.e., the gate of a three terminal
MOSFET), the physical lower bound of the swing for the TS
memristors 1s less than 1 mV/dec. The fundamentally dii-
terent physical conduction mechanism of the TS memristors
enables the small physical lower bound of the subthreshold
swing and thus leakage through the device at low voltages
(1.e. match conditions). Even when the gate terminal of a
MOSFET 1s held low, there is still significant conduction
between source and drain terminals which lead to significant
leakage currents. However for TS memristors the conduc-
tance 1s controlled directly by the voltage applied to a
terminal defining the path, significantly reducing this leak-
age current. Non-limiting examples of TS memristors
include diffusive memristors, metal-insulator transition
(MIT) devices, Zener diodes, mixed 1onic-electronic con-
ducting (MIEC) devices, among others. Through the use of
TS memnstors, longer word lengths for binary CAM,
TCAM, and analog CAM cell designs are achievable,
greatly increasing overall efliciency and enabling larger
search criteria. The greater word length 1s enabled by
replacing the pull-down match-line transistors with pull-up
TS memristors. The ability to search longer word lengths 1n
the TCAM reduces the need to break up long search inputs
(e.g., a 72-bit word 1nto 8-bit or 16-bit chunks) and relying
on logical addition of the results from the multiple chunks to
maintain performance. Moreover, using TS memristors in
accordance with the present disclosure allows for more
stages 1n multi-stage search schemes and the sharing of
peripherals (e.g., match-line sense amplifiers (MLSA), mul-
tiple-match resolver (MMR), voltage drivers, current sens-
ing circuits, etc.) for power and area savings.

FIG. 2A 1llustrates an example row 200 of an array of bit
cells 210a-r 1n accordance with embodiments of the tech-
nology disclosed herein. In various embodiments, bit cells
210a-n can comprise a BCAM bit cell, a TCAM bit cell, an
analog CAM cell, or any other type of bit call that may be
used 1 a CAM-type circuit. In various embodiments, each
bit cell may be static random-access memory (SRAM)-
based, dynamic RAM (DRAM)-based, or memristor-based,
without changing the operation of TS memristor embodi-
ments of the technology disclosed herein. Each CAM-type
circuit comprises a plurality of bit cells 210, arranged 1n an
array having a plurality of rows, such as example row 200
illustrated 1n FIG. 3. The bit cells along a given row are
connected to the same match line ML through a TS mem-
ristor. The number of bit cells per match line ML can be
equal to a search unit size for the CAM (1.e., a word size),
the bit cells 210 connected to the same match line ML
forming a word storage block. For example, the bit cells
210a-n of row 300 form a word storage block for a first data
word having n bits, each bit cell 210a-» connected to match
line ML through TS memristors 202a-r. A first end of each
TS memristor 202a-7 connects with an output (not shown 1n
FIG. 2A) of each bit cell 210a-x. In various embodiments,
the output of each CAM cell 210a-r» comprises one or more
wiring lines (e.g., electrical traces) over which the CAM cell
210a-» 1ndicates the result of the search operation.
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Unlike circuits utilizing the conventional pull-down tran-
sistors on the match line discussed with respect to FIG. 1,
match line ML of row 300 1s not set to a high voltage state
prior to a search (1.e., pre-charged). Rather, prior to a search
being conducted, match line ML 1s discharged to ground by
switching a discharge transistor 201 from an OFF state to an
ON state, thereby creating a path to ground for match line
ML. In other words, match line ML 1s “pre-drained” rather
than “pre-charged” before a search. Rather than a mismatch
being indicated by pulling the Voltage on match line ML
down, each TS memristor remains 1n an OFF state until a
mismatch 1s detected. Only upon detection of a mismatch 1s
a respective TS memristor 202 turned to the ON state,
thereby leading to a current that charges the parasitic capaci-
tance on match line ML, resulting in the voltage on match
line ML 1increasing (i.e., being pulled-up). The increased
voltage makes 1t more diflicult for other TS memristors 202
to be turned on due to the decrease 1n the voltage drop across
cach TS memristor and the much lower subthreshold leak-
age ol the two-terminal TS memristor compared to tradi-
tional three-terminal transistors (because of the much lower

subthreshold swing discussed above). Moreover, the poten-
tial difl

erence between the match line ML and the bit cell 1s
much lower than in the traditional pull-down transistor
approach because the match line ML 1s not carrying a
high-logic voltage (1.e., not pre-charged), but 1s only charged
if a mismatch occurs and the match line ML voltage 1s pulled
up.

FIGS. 2B and 2C 1illustrate the operation of example TS
memristors 202a-n of FIG. 2A. The graphs in FIGS. 2B and
2C are provided for illustrative purposes only and should not
be interpreted as limiting the scope of the technology
disclosed herein. For ease of discussion, operation of
example TS memristors 202a-» shall be discussed with
respect to TS memristor 202a of FIG. 2A. Each graph in
FIGS. 2B and 2C illustrate the voltage level of the first
voltage V1 during a search operation. Although discussed
with respect to first voltage V1, the same principles of
operation apply to all TS memristors 202a-» within a given
CAM immplementation. As shown in FIG. 2B, while first
voltage V1 remains below the threshold voltage V,, of TS
memristor 202a 1t remains 1n an OFF state. In other words,
TS memristor 202a remains 1n a high resistance state so that
first voltage V1 cannot reach match line ML and charge 1t up
(indicating a mismatch). When all of the mput voltages
V1-Vn are smaller than the threshold voltage V, of the TS
memristors 202a-r all the TS memristors 202a-» are m the
OFF state. As such, the readout on match line ML will
remain low because match line ML was discharged at the
beginning of the search operation. The threshold voltage V ,
represents the voltage difference across the TS memristor
required to change its conductive state (e.g., go from a high
resistance state to a low resistance state).

If one of the mput voltages (e.g., first voltage V1) does
exceed the threshold voltage V,,, the respective TS mem-
ristor (e.g., TS memristor 202a) 1s turned to the ON state, as
seen 1 FIG. 2C. As shown, once first voltage V, exceeded
the threshold voltage V ,, the current level spiked, indicating
that TS memristor 202a was turned ON, creating a path
between the bit cell 210aq and match line ML of FIG. 2A. In
this way, the parasitic capacitance on match line ML 1s
charged, resulting in match lime ML being charged and
indicating a mismatch. TS memristor 202a remains 1n the
ON state while first voltage V1 remains above a hold voltage
V, .., which represents the minimum current level required
for TS memristor 202a to be 1 the ON state. Once first
voltage V1 falls below the hold voltage V, ., TS memristor
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202a 1s turned to the OFF position, severing the path
between bit cell 210aq and match line ML (as indicated by the
down edge of FIG. 2C). The resulting Voltage on match line
ML after this cycle 1s first voltage V1 minus the hold voltage
V, .. which can be detected as a hlgh logic level. In this
way, even after TS memristor 202a 1s switched to OFF,
match line ML will still register the mismatch identification
for bit cell 210a. Moreover, because of the increase of
voltage on match line ML, 1t 1s more diflicult for the other
TS memristors 2026-n to turn to the ON position because
there 1s a smaller voltage drop across the TS memristor.
Therefore, the probability of the other input voltages V2-Vn
causing a switch event (e.g., TS memristor turning from
OFF to ON) 1s reduced, reducing the number of switching
events that may occur over time. This, 1n turn, results 1n less
stringent requirements on device endurance and saves power
by reducing the number of devices that need to be charged
high.

As stated above, the TS memristors can include diffusive
memristors, metal-insulator transition (MIT) devices, Zener
diodes, mixed 1onic-electronic conducting (MIEC) devices,
among others 1 various embodiments. TS memristors are
volatile devices, meaning that each TS memristor retains its
conductance state only when the voltage applied to the TS
memristor exceeds the hold voltage V, , .. After the voltage
returns to zero, the conductance of TS memristors returns to
a high resistance state (1.e., back to the OFF state). This 1s
unlike the memristors used for non-volatile storage within
cach CAM cell in memnstor-based CAM embodiments.
Storage memristors are constructed such that they are
capable of maintaining or “storing’” a resistance level defin-
ing the threshold voltage, and this level 1s stored or main-
tamned even when any voltage 1s removed from the device.
In this way, the storage memristors are configured to provide
the same output each time the voltage exceeds the threshold.
For TS memristors, however, the resistance 1s not “set” like
a storage memristor. Because the TS memristor 1s not being
used to store any information (only has a physically defined
Vo oo O V, . 2), 1t does not need to be programmed as
such. Instead, each TS memristor can be constructed with a
threshold voltage that 1s determined simply to ensure that a
mismatch 1s indicated correctly, rather than being specifi-
cally programmed to provide a particular type of output
current given specific iput voltages.

FIG. 3 illustrates an example CAM 300 1n which embodi-
ments of the TS memristor-connected bit cells may be
implemented, 1n accordance with the technology disclosed
herein. As illustrated, CAM 300 comprises an NxM array of
bit cells, arranged 1n a plurality of rows, where N (or n) 1s
the number of columns and M (or m) 1s the number of rows.
For ease of discussion, each row shall be discussed as being
similar to and operating like example row 200 discussed
with respect to FIGS. 2A-2C. Where common references are
used 1n multiple figures the description herein corresponding
to such common references shall be mterpreted as applying
to all instances of the common reference in any figures
unless explicitly stated otherwise.

As seen 1n FIG. 3, the CAM 300 comprises a plurality of
bit cells 201a,-2017_,.. Each bit cell 201 can comprise both
storage and comparison circuitry. As discussed above, each
bit cell 201a,-201%_ represents a bit of respective stored
data word corresponding to the respective row (1.e., word
storage block). For example, the five horizontal bits 320
represents a single data word, used to represent one or more
addresses within an associated random access memory
(RAM) or other storage media of a computing device
implementing the example CAM 300. Each horizontal col-
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lection of bits represents a different stored data word of
CAM 300. Match lines ML1-ML4 run horizontally between
the data words, and indicate whether the bit of the search
word (1.e., comparand) match the bits stored in the bit cells
201a,-2017,, of any one of the horizontal data words. As
shown, each bit cell 201a,-201#,, 1s connected to a respec-
tive match line ML1-ML4 through a respective TS mem-
ristor 202a,-202%, . In various embodiments, one or more
TS memristors 202 may be associated with a single bit cell
201a,-201%_, as 1llustrated with respect to the example bit
cell of FIG. 4B.

Each match line MLL1-ML4 can be coupled to inputs of an
encoder 304 to generate an address corresponding to a
matched data word. In various embodiments, each bit cell
201a,-201»,, can be set or reset to represent either a logic
‘0, a logic °1,” or (as a ternary CAM) a “don’t care” bit (1.¢.,
‘X”). In the illustrated embodiment, each destination address
represented by the stored data word and a corresponding
port to which data packets need be forwarded 1s represented
in the routing table of Table 1.

TABLE 1

ROUTING TABLE

Match Line Search Output
(ML) No. Address Result Port
1 101XX 00 A
2 0110X 01 B
3 011XX 10 C
4 10011 11 D

Because of the don’t care bits, each of the first three data
words (associated with match lmmes ML1, ML2, ML3,
respectively) represents a range of input addresses allowing,
for more than one data word to indicate a match to the
comparand where the non-don’t care bits match the respec-
tive bit of the comparand. For example, the data word
associated with match line ML1 indicates that all addresses
within the range 10100 to 10111 are forwarded to port A.
The comparand 1s mput into a plurality of search drivers
302, each search driver associated with a column of bits of
stored data words.

As discussed above, to perform a search operation, all of
match lines ML-ML4 are discharged to ground, thereby
causing each match line ML1-ML4 to be detected as a low
logic level (indicating a “match™). This 1s opposite of the
pre-charging currently used in CAMs. Once discharged,
cach search driver of search drivers 102 drive the respective
bit of the comparand onto the first search line SL and second
search line SL of the respective bit column. Each bit cell
201a,-201»,, compares its stored bit against the bit on 1ts
corresponding search lines SL, SL. Bit cells 201a,-201x,,
with matching data do not cause the voltage across its
respective TS memristor 202a,-202#%, , and therefore do not
aflect the corresponding match line ML1-ML4 (i.e.,
matched bit cells 201a,-201%,, do not pull up the corre-
sponding match line ML1-ML4 from its discharged state).
However, bit cells 110 with a mismatched bit with exceed
the threshold voltage of 1ts respective TS memristor 2024, -
202»_, resulting 1n a spike 1n the current and voltage on the
associated match line ML1-ML4. This results 1n a high logic
level on the match line, indicating a mismatch. The opera-
tion of TS memristors 201a,-201%,, can occur 1n a manner
similar to that discussed above with respect to FIGS. 2A-2C.
Bit cells 201a,-201%, storing a don’t care bit (1.e., ‘X’),
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the discharge state of the corresponding match line ML1-
ML4 by failing to trigger a switching event for 1ts associated
TS memnstor 202a,-202», . The aggregate result 1s that
match lines ML1-ML4 are pulled up for any word that has
at least one mismatch, thereby indicating an overall mis-
match to encoder 304.

Where all of bit cells 201a,-2012, match the bits of the
comparand, the corresponding match line ML1-ML4
remains 1n the low logic state (1.e., discharge state), indi-
cating a match of the comparand to encoder 304. For
example, 1n the illustrated embodiment of FIG. 3, match
lines ML2 and ML3 remain in the discharged state (i.e.,
indicating a match), while the other match lines ML1 and
ML4 are charged (1.e., pulled up from the discharge state) to
indicate a mismatch. Encoder 304 can generate the search
address location of the matching data (as identified 1n Table
1 above). As 1llustrated 1 FIG. 3, encoder 304 numerically
selects the smallest numbered match line of the two acti-
vated match lines M2 and M3 (in the 1llustrated case, match
line M2), generating the match address ‘01.” This match
address 1s used as the mput address to a RAM or other
storage media that contains a list of output ports, as indicated
in Table 1 above. The match address output of CAM 300 1s
used as a pointer, which 1s used to retrieve associated data
from the RAM. The CAM search can be viewed as a
dictionary lookup where the search data i1s the word to be
queried and the RAM contains the word definitions. A search
1s conducted for the destination address of each incoming
data packet to find the appropriate output port. For example,
if the data packet has an incoming address of 01101, the
address lookup matches both match line ML2 and ML3 1n
Table 1. Because match line ML2 has the most defined bits
(1.e., the least number of matching don’t care bits), match
line ML 2 1s selected as indicating the most direct route to the
destination.

The specific design of the bit cells 201a,-201%,, 1n the
array does not impact the applicability of the TS memristor
technology disclosed herein. Accordingly, TS memristors
can be added to any known bit cell for any type of CAM to
reduce the impact of subthreshold leakage and increase the
overall available word length. FIGS. 4A and 4B show an
example implementation of TS memristors with an analog
CAM (aCAM) cell 1n accordance with embodiments of the
present disclosure. FIGS. 4A and 4B are provided {for
illustrative purposes and should not be interpreted as limut-
ing the scope of the technology to only the embodiment
shown. FIG. 4A shows a prior art aCAM cell 400A, such as
the aCAM cell discussed 1n co-pending U.S. patent appli-
cation Ser. No. 16/274,379, filed Feb. 13, 2019, which 1s
hereby incorporated by reference herein 1n its entirety. As
shown, aCAM cell 400A 1s a six transistors and two mem-
ristors (612M) aCAM cell. An analog CAM circuit searches
multilevel voltages and stores analog values 1n a nonvolatile
memory (e.g., memristor). An aCAM cell outputs a match
when the analog input voltage matches a certain range that
1s defined by the aCAM cell.

Each aCAM cell 400A can match all values between a
“high value™ and a “low value”, or within a range, where the
range includes non-binary values. These high and low values
are set by programming memristors, and so are referred to
as “R,.;, and “R,,,.” The aCAM cell 410 mcludes a “high
side” 402 and a “low side 404 (visually separated by second
data line DL2. High side 402 and low side 404 are so-called
because memristor M1 and memristor M2 are programmed
to determine the values of R, ;, and RN, respectively. The
high side 402 includes a first transistor 11 and a first
memristor M1. First memristor M1, in conjunction with first
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transistor 11, defines a first voltage divider and, when
programmed, defines a high value R, ;, ot a range of values
R, .,.ce- The high side 402 turther includes a second transistor
12 with a first end connected to the match line ML, a second
end connected to a rail (NS), and the gate 1s connected and
controlled by common node G1. Low side 404 includes a
third transistor T3, which defines a second voltage divider
with second memristor M2. When second memristor M2 1s
programmed, second memristor M2 defines the low value
R;,,, of the range of values R, ... Fourth transistor T4 and
fifth transistor 15 form an inverter, enabling high side 402
and low side 404 to be defined independently where first
data line D1 and second data line D2 are tied together (as
illustrated 1n FIG. 4). Low side 404 also includes a sixth
transistor 16 with a first end connected to the match line ML,
a second end connected to a rail (NS), and the gate is
connected and controlled by the output node of the inverter
(T4/15). A mismatch 1s indicated by pulling down the
voltage on the match line ML when the voltage at common
node G1 (V,) 1s greater than the data line voltage V , but
less than the voltage at common node G2 (V ;,).

FIG. 4B shows an example TS memristor-based aCAM
cell assembly 400B 1n accordance with embodiments of the
present disclosure. As seen 1n FIG. 4B, utilizing TS mem-
ristors 202a, 2025 allows for the removal of the second (12)
and sixth (T6) transistors from the aCAM cell 410. Accord-
ingly, TS memristors 202a, 20256 enable an aCAM cell to be
implemented 1n a four transistor and two memristor (41T2M)
design. This reduces the overall size of the TS memristor-
based aCAM cell assembly 400B because the relatively
large transistors used to signal a mismatch (e.g., FETs) are
removed, reducing the footprint for each TS memristor-
based aCAM cell assembly 400B 1n an aCAM. The removal
of the two transistors enables aCAM cell assembly 400B to
save on space because TS memristors are smaller and 1n
vartous embodiments are capable of being built three-
dimensionally. This also reduces the overall power con-
sumption. The major portion of the power 1s consumed by
charging the capacitance of the transistors and connection
wires. Removing some large power consuming devices from
TS memristor-based aCAM cell assembly 400B thereby
reduces the amount of power required. Moreover, using
pull-up TS memrnistors rather than traditional pull-down
transistors further reduces power consumption by limiting
the number of connection wires which need to be charged at
a given time. Using pull-down transistors requires match
lines to be precharged, and remain in the high logic state
until a mismatch 1s sensed.

As shown 1n FIG. 4B, a first end of first TS memristor
202a 1s connected to common node G1, while the second
end of TS memristor 202a 1s connected to the match line
ML. Similarly, a first end of second TS memristor 2025 1s
connected to common node (G2, while the second end of TS
memristor 2026 1s connected to the match line ML. In
various embodiments, first TS memristor 202a can be con-
figured with a threshold voltage V,, representing the low
value (R, ) and second TS memristor 2025 can be config-
ured with a threshold voltage V ,, representing the high value
(Ry0)- In this way, first TS memristor 202a and second TS
memristor 205 define the range R, ... and will only pull up
the match line ML 1f the data line voltage V ,, falls below
R, .. (i.e., pulled-up by first TS memristor 202a) or exceeds
R, (1., pulled-up by second TS memristor 2025), thereby
signaling a mismatch. Because TS memristors 202a, 2025
reduce the impact of subthreshold voltage (as well as
operating the match line ML 1n a discharge state for the
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memristor 202a and second TS memristor 2025 are less
susceptible to the subthreshold leakage causing an uninten-
tional switch to the ON state and signalling a mismatch
when 1t 1s really a match. Accordingly, the probability of a
false mismatch being signaled 1s minmimized. Although
shown outside of aCAM bit cell 410, 1n other embodiments
first TS memristor 202a, second TS memristor 2025, or a
combination of both can be included within aCAM bit cell
410. In various embodiments, TS memristors 202a, 2025
can be the kind of memristor as first memristor M1 and
second memristor M2, whereas 1n other embodiments TS
memristors 202a, 2025 can be a different type of memristor
from first and second memristors M1, M2.

FIGS. 5A and 5B 1illustrate another example implemen-
tation of TS memristors, this time 1n a TCAM 1mplemen-
tation, 1n accordance with embodiments of the present
disclosure.

FIGS. 5A and 5B are provided for illustrative purposes
and should not be mterpreted as limiting the scope of the
technology to only the embodiment shown. As illustrated in
FIG. 5A, the example prior art TCAM cell S00A comprises
a four transistor and two memristor (41T2M) TCAM cell,
with a first transistor T1 connected to a first data line SL and
a second transistor T2 connected to a second data line SL.
The first memristor 1s connected to the first transistor T1 and
the second memristor M2 1s connected to the second tran-
sistor 1T2. The first and second memristors M1, M2 are
connected 1n series to form a resistive divider, with the
output voltage of the resistive divider (i1.e., voltage on
common node G) being applied to the gate of a match-line
transistor T4 to control whether to switch the match-line
transistor T4 to pull down the voltage on match line ML. The
third transistor T3 works 1n concert with the first transistor
T1 and/or second transistor T2 for programming the mem-
ristors M1, M2.

Utilizing a TS memristor 1n accordance with the technol-
ogy disclosed herein, the same operation 1s attainable with
only three transistors, reducing the size and power consump-
tion of the cell. FIG. 5B illustrates an example TS memris-
tor-based TCAM cell assembly S00B 1n accordance with
embodiments of the present disclosure. As shown, the
assembly 500B includes a modified TCAM cell 510, which
comprises a three transistor and two memristor (3T2M) cell
compared to the 4T2M cell discussed with respect to FIG.
5A. The operation of modified TCAM cell 510 1s the same
as that of TCAM cell 5S00A of FIG. 5A, but instead of the
match-line transistor designed to pull down the voltage on
the match line ML if there 1s a mismatch, a TS memristor
202a 1s connected between the common node G and the
match line ML to pull up the voltage on the match line ML
in the event of a mismatch. The memristors M1, M2 are still
connected 1n series to form a resistive divider, with a first
end of each memristor M1, M2 connected to the first data
line SL and second data line SL, respectively, and the second
end of each memristor M1, M2 connected to common node
G. The voltage at common node G still controls signalling of
a mismatch, as in TCAM cell 500A, but instead of control-
ling a larger transistor the voltage controls whether to switch
TS memristor 202a into the ON state and apply voltage to
the match line ML.

Although discussed with respect to memristor-based
example CAMS with respect to FIGS. 4A-4B and SA-5B,
the technology disclosed herein 1s not limited only to
memristor-based CAMs but 1s directly applicable to con-
ventional static random access memory (SRAM)-based
CAMs. The 1ssue of subthreshold leakage 1s present 1n any
situation where a large number of transistors are present and
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associated with a common match line. Traditional SR AM-
based CAM cells comprise a total of 16 transistors com-
prising storage and memory circuitry. The impact of sub-
threshold leakage in this environment limits the potential
s1ze of data words that can be eflectively stored and searched
to only 8- or 16-bits. FIG. 6 1llustrates an example SRAM-
based CAM cell assembly 600 with TS memristors in
accordance with the technology disclosed herein. For ease of
discussion, only the portion of SRAM-based CAM cell
assembly 600 which concerns operation of the TS memris-
tors 1s shown. Although not shown, a person of ordinary skall
in the art would know that the SRAM-based CAM cell 610
would comprise a plurality of other transistors and circuitry
as commonly found 1n SRAM-based circuits, and the omis-
sion of such additional components and devices 1n FIG. 6
should not be interpreted as limiting the scope of the
technology or the suthiciency of the disclosure.

As shown 1n FIG. 6, the left side circuit 602« 1s connected
to a first end of the ﬁrst TS memristor 202a through a first
switching transistor T1, and the right side circuit 6025 1s
connected to a first end of the second TS memristor 202a
through a second switching transistor T2. The TS memris-
tors 202a, 2025 operate 1n a manner similar to that discussed
above with respect to FIGS. 1-3, staying in the OFF state
unless a mismatch 1s detected. Each TS memristor 202a,
2026 1s controlled by the voltage across the respective
transistor T1, T2 indicating the result of the search. During
a search, different voltages are applied to the data lines SL,
SL, based on the search criteria. The operation of each
circuit 602a, 6025 (cach comprising two transistors) and the
switching transistors 11, T2 functions in the same way as a
traditional SRAM-based CAM cell in the art. However,
rather than having two switching transistors connected to the
match line ML (one each for signaling a mismatch from the
left side circuit 602a or the right side circuit 6025) the
signaling 1s controlled by the TS memristors 202a, 2025b.
Moreover, as with the other examples, the match line ML
operates from a discharged state rather than the pre-charged
state 1n the prior art. The TS memristors 202a, 2025, being
less susceptible to the non-zero subthreshold current leakage
due to the TS memristor’s significantly smaller conductance
swing compared to traditional FETs, thereby enables a
greater number of SRAM-based CAM cells 610 to be
connected to a common match line ML. Therefore, the word
length capable by a given CAM 1s increased because the
impact of additive sub-threshold leakage 1s mitigated
through the TS memristors and pulling up the match line ML
rather than pulling down the match line ML.

FIG. 7 1llustrates an example device 700 in which an
example CAM with TS memristors, such as the various
example CAMs discussed with respect to FIGS. 1-6, can be
implemented. In various embodiments, device 700 can com-
prise any number of different computing devices known in
the art that suitable for implementing content addressable
memory, including but not lmmited to servers, network
switches, gateway devices, among other devices. For ease of
discussion, certain aspects of example device 700 shall be
described below under the assumption device 700 comprises
a network device (e.g., switch, gateway, etc.), but 1t should
be understood that device 700 could be any type of elec-
tronic device. For ease of discussion, components of device
700 which are commonly used 1n devices of the kind and
which are not related to the functionality of a content
addressable memory implementation are omitted, but this
omission should not be interpreted as limiting the scope of
the disclosure as excluding those component from the scope
of the 1ssued claims.
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As shown 1n FIG. 700, device 700 includes a CAM 710,
processing circuitry 720, communications circuitry 730, and
a machine readable media 740. In various embodiments,
CAM 600 can comprise a plurality of CAM cell assemblies
similar to any of the example CAM assemblies discussed
with respect to FIGS. 3-6, or any another type of CAM cell
type. An array of CAM cells 750 can be included, the array
representing one or more data words, similar to those
discussed with respect to FIGS. 1-3. In various embodi-
ments, CAM 710 can include control circuitry 760.

FIG. 8 shows an example CAM 710, including example
control circuitry 760 (comprising column drivers 810 and
row driver 820), in accordance with embodiments of the
present disclosure. For ease of discussion, example CAM
710 shall be discussed with respect to an embodiment
wherein the TS memristor 1s connected to. As 1llustrated,
CAM 710 comprises an array of CAM cells 750, the array
comprising M rows and N columns. Each CAM cell 810 1s
connected to 1ts respective match line ML by at least one TS
memristor 820. Each row of CAM 710 represents one word
storage block. CAM 710 can comprise a plurality of data
lines DL1-DLm, a plurality of match lines ML1-MLm, a
plurality of first data lines SLn, a plurality of second data
lines SLn, and a plurality of third data lines SXn. In other
embodiments, a plurality of word lines WL1-WLm may be
present 1 lieu of or i addition to data lines DL1-DLm.
Because there 1s one word storage block per row (1.e., each
row represents one data word), the length of data words are
limited by the number CAM cells 810. Each M column
corresponds to a specific bit position (e.g., bit 0, bit 1, bit 7,
ctc.) of the data word. The data value stored 1n a given CAM
cell 810 corresponds to a specific bit of a word that 1s stored
in the word storage block that includes the given CAM cell
810, with the position of the bit within the stored word being
determined by the bit position of the column in which the
respective CAM cells 810 are disposed.

In various embodiments, control circuitry 760 applies
signals to the various wiring lines mentioned above so as to
control operations of CAM cells 810, such as read, write,
and search operations. As illustrated in FIG. 8, control
circuitry 760 of FIG. 7 1s illustrated as comprising column
driver 810 and row driver 820. Row driver 820 may include
one or more drivers, shift registers, decoders, and the like
that are connected to and drive wiring lines that correspond
to rows of the array of CAM cells 810. In various embodi-
ments, row driver 820 can include the encoder 304 discussed
with respect to FIG. 3. Column driver 810 may include one
or more drivers, shift registers, decoders, and the like that
are connected to and drive wiring lines that correspond to
columns of the array of CAM cells 810.

Row driver 820 can be connected to data lines DL1-DLm
and match lines ML1-MLn and be configured to supply or
sense electrical signals carried on these wiring lines. For
example, the row driver 820 may include decoders and
drivers that are to select one of the word storage blocks by
applying the positive supply voltage V ,, to one of date lines
DL1 DLm based on an imput read/write address during a
read or write operation. During a search operation, row
driver 820 can be configured to apply the positive supply
voltage V ;- to all of data lines DL1-DLn. In some embodi-
ments, row driver 820 can include one or more decoders or
drivers that are to, during a search operation, discharge all of
match lines MLL1 MLm, sense which match lines of the
plurality of match lines ML1-MLm do or do not have their
voltage pulled high (up), indicating a TS memristor 820
switched to the ON state, and output addresses of any word
storage block whose match line MLL1 MLm were not pulled




US 10,896,731 Bl

13

low. The plurality of TS memristors 820 1n the array of CAM
cells 650 can operate 1n a manner similar to that discussed
above with respect to FIGS. 1-6.

Column dniver 810 1n various embodiments may be
connected to the plurality of first data lines SLn, the plurality
of second data lines SLn, and the plurality of third data lines
SXn, and may supply electrical signals to and/or sense
clectrical signals carried on these wiring lines. For example,
column driver 810 can include decoders and drivers that are
to selectively apply the variety of voltages discussed above
with respect to FIGS. 1-6.

It should be understood that separate drivers could be
provided to drive different types of wiring lines (e.g., one
driver drives first data lines SL and a separate driver drives
second data lines SLn), or that a single dniver could be
provided to drive multiple different types of wiring lines
(e.g., a single driver drives both the first data lines SL and
second data lines SLn). Furthermore, it should be under-
stood that the various components of control circuitry 760
could be physically located on any side or combination of
sides of the array of CAM cells 810, and that the relative
locations 1illustrated 1n FIG. 8 are not intended to imply
physical locations of the components 1n a physical device
that instantiates the example CAMs discussed with respect
to this disclosure.

Referring back to FIG. 7, Processing circuitry 720 may
supply the control signal to the control circuitry 760. Pro-
cessing circuitry 720 can be any circuitry capable of execut-
ing non transitory machine readable instructions, such as a
central processing unit (CPU), a microprocessor, a micro-
controller, a digital signal processor (DSP), etc. Processing
circuitry 620 may also be an application-specific integrated
circuit (ASIC), a field-programmable gate array (FPGA), an
application-specific 1nstruction set processor (ASIP), or the
like, that 1s configured to perform certain operations. In
various embodiments, control circuitry 760 may be included
within processing circuitry 720.

Machine readable media 740 can be any non-transitory
machine readable medium, including but not limited to
volatile storage media (e.g., dynamic RAM (DRAM),
SRAM, etc.) and/or non-volatile storage media (e.g.,
PROM, EPROM, EEPROM, NVRAM, hard dnives, etc.).
Non-limiting examples include: flash memory, solid state
storage devices (SSDs); a storage area network (SAN);
removable memory (e.g., memory stick, CD, SD cards, etc.);
or internal computer RAM or ROM; among other types of
computer storage mediums. Machine-readable media 740
can store machine readable instructions that, when executed
by processing circuitry 710, cause device 700 to perform one
or more operations, such as the programming, searching,
and reading operations discussed above. As a non-limiting
example, machine readable media 740 can store instructions
causing the processor to control the actions of control
circuitry 760, executing a search operation through control
circuitry 760. FIG. 9 illustrates an example machine-read-
able storage media 740 1n accordance with embodiments of
the technology disclosed herein. As shown, machine-read-
able storage media 740 can be configured to store instruc-
tions executable by hardware processors, such as the pro-
cessing circuitry discussed with respect to FIG. 7. The
instructions stored on machine-readable storage media 740
illustrated 1n FIG. 9 may 1nclude various sub-instructions for
performing the function embodied by the identified nstruc-
tions. For example, the instruction “program word storage
block(s)” 906 may include various sub-instructions for
determining which word storage blocks to program and the
required voltages for storing specific data values 1n each bit
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cell of a word storage block 1n a manner known 1n the art.
The instruction “receive mput search word” 904 can include
various sub-instructions for receiving a communication data
packet from another source over communications circuitry
similar to the reception discussed with respect to FIG. 7
above. Moreover, recerving the input search word may
comprise retrieving a destination address from the received
communication data packet as discussed with respect to the
search procedure discussed with respect to FIG. 1, as well as
sub-instructions for discharging the match lines so that the
match lines idicate low logic indicative of a match. The
istruction “search CAM bait cells for matching stored data
words” 906 can include sub-instructions for performing the
search procedure in a manner as that discussed with respect
to FIG. 1, including 1dentifying the destination address of a
received communications data packet, sending a control
signal from the processing circuitry to control circuitry of
the CAM, applying the necessary voltages to the wiring lines
associated with each bit cell based on the search criterion
(1.e., the bits of the comparand), and determining a best
matched word storage block of the CAM array. The nstruc-
tion “identify output port associated with matched data
word” 908 can include sub-instructions for determinming
which output port 1s associated with the best matched word
storage block identified through the search operation 1n a
manner similar to that discussed with respect to FIG. 1. In
some embodiments, i1dentifying the output port may be
performed by control circuitry of the TAM or by commu-
nications circuitry in a manner similar to that discussed with
respect to FIG. 1.

Communications circuitry 730 can include transceiver
circuitry for recerving input data communications and trans-
mitting output data communications. In various embodi-

ments, communications circuitry 730 can comprise a net-
work 1nterface card (NIC) including a plurality of diff

erent
communication ports i compliance with a plurality of
different communication standards. In various embodi-
ments, communications circuitry 730 can include a plurality
of communications ports 770, which can serve to connect
multiple other electronic devices to one another via device
700. As a non-limiting example, device 700 could be a
network router, switch, gateway, or other routing device for
a network, and may perform various trailic control tasks
such as routing, switching, etc.

In some embodiments, communications circuitry 730 can
determine which communication port 770 to forward the
recerved communication to the destination address identified
in the received data packet. Device 700 can utilize CAM 710
to 1dentily the communications port 770 to which to send a
received data packet by searching CAM 710 using the
destination address 1n the recerved data packet. For example,
device 700 may be connected 1n a network to a plurahty of
other devices, each of the other devices having a unique
address (e.g., a unique IP address). Device 700 may store
this information mn CAM 710 such that the location of the
stored device address within CAM 710 corresponds to a
specific communications port 770 through which device 700
and a particular other device are connected. Each stored
word i CAM 710 can correspond to a different communi-
cations port 770. In various embodiments, when a new
device 1s connected to device 700, the unique address for the
newly added device can be written to a data word of CAM
710. Upon receipt of a new data communication (packet), a
destination address included within the received data packet
1s extracted and sent to CAM 710 directly from communi-
cations circuitry 730 in some embodiments, while in other
embodiments the destination address may be provided 1ndi-
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rectly through processing circuitry 720. The destination
address serves as the input comparand for conducting the
CAM search. If a match 1s 1dentified, CAM 710 returns a
memory address (e.g., an location within RAM) to commu-
nications circuitry 730, either directly or through processing
circuitry 720. Because each data word of CAM 700 corre-
sponds to a particular communications port 770 of commu-
nications circuitry 730, the memory address of the stored
data word associated storage block can be understood by
communications circuitry to identily a particular communi-
cations port 770, and therefore the communications circuitry
730 can determine which commumnications port 770 to
forward the communication packet based on the output
address of TCAM 710.

In the art, the term “memristor” may be used 1n certain
contexts 1n abroad sense and may be used in certain contexts
1n a narrow sense. In a narrow sense, “memristor’” may refer
specifically to circuit elements that exhibit a non-linear
relationship between electric charge and magnetic flux (or
exhibit a relationship between the time integral of current
and the time integral of voltage). In a broad sense, “mem-
ristor” refers broadly to any non-volatile memory element
that 1s based on changing resistance states and 1s read by its
resistance. Herein and in the appended claims, “memristor”
1s always used 1n the broad sense, unless specifically indi-
cated otherwise. Specifically, as used herein, “memristor”
refers broadly to any non-volatile memory element that 1s
based on changing resistance states and 1s read by its
resistance. Thus, memristors M1, M2 can each be, for
example, a memristor in the narrow sense of the term, a
memory element that changes the resistance across a dielec-
tric solid-state material, a resistive random access memory
clement (sometimes referred to as a RRAM or ReRAM), a
phase-change memory clement (sometimes referred to as
PCM of PCRAM), a conductive bridging memory element
(sometimes referred to as CBRAM or a programmable
metallization cell), a magnetoresistive memory element
(sometimes referred to as MRAM), amongst others.

The example CAMs are described herein and 1llustrated in
the drawings 1n a conceptual or schematic manner to aid
understanding. In particular, physical structures in the
example CAMs are referred to and/or 1llustrated conceptu-
ally herein as circuit components, and the relationship
between these circuit components are illustrated in circuit
diagrams 1n accordance with the usual practice in the art.
Circuit components are conceptual representations of
classes of physical structures or devices that perform certain
tfunctions and/or have certain properties. Examples of such
circuit components include passive devices such as resistors,
capacitors, memristors, etc.; active devices such as transis-
tors, diodes, etc.; constituent elements of the active/passive
devices such as terminals, electrodes, gates, sources, drains,
etc.; elements that connect devices such as wiring lines,
nodes, etc.; amongst others. It should be understood that a
single physical structure (or set of physical structures) 1n an
actual physical incarnation of an example CAM 1n accor-
dance with the technology disclosed herein can serve mul-
tiple functions and/or have multiple properties, and thus a
single physical structure (or a set of physical structures) may
be described and/or illustrated herein as multiple distinct
circuit components. For example, a single piece of metal 1n
a particular physical incarnation of an example CAM can
serve as both a gate electrode of a transistor and as a wiring
line. Thus, the fact that two or more circuit components may
be referred to or illustrated herein as distinct components
should not be interpreted to mean that their corresponding
physical structures 1n a physical incarnation of the example
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CAM are distinct structure. Although several examples are
provided, a person of ordinary skill in the art would under-
stand that the embodiments are applicable for any type of
CAM.

As used herein, the term “or” may be construed 1n either
an 1nclusive or exclusive sense. Moreover, the description of
resources, operations, or structures 1n the singular shall not
be read to exclude the plural. Conditional language, such as,
among others, “can,” “could,” “might,” or “may,” unless
specifically stated otherwise, or otherwise understood within
the context as used, 1s generally intended to convey that
certain embodiments include, while other embodiments do
not include, certain features, elements and/or steps.

Terms and phrases used 1n this document, and variations
thereof, unless otherwise expressly stated, should be con-
strued as open ended as opposed to limiting. Adjectives such
as ‘“‘conventional,” “traditional,” “normal,” ‘“standard,”
“known,” and terms of similar meaning should not be
construed as limiting the item described to a given time
period or to an 1tem available as of a given time, but 1nstead
should be read to encompass conventional, traditional, nor-
mal, or standard technologies that may be available or
known now or at any time in the future. The presence of
broadening words and phrases such as “one or more,” “at
least,” “but not limited to” or other like phrases 1n some
instances shall not be read to mean that the narrower case 1s
intended or required 1n instances where such broadening
phrases may be absent.

What 1s claimed 1s:

1. A content addressable memory (CAM) comprising:

a processing circuitry;

an array ol a plurality of CAM cells communicatively
coupled to the processing circuitry;

a plurality of threshold switching (TS) memristors, at
least one TS memristor configured to connect to each of
the plurality of CAM cells;

cach TS memristor comprising one of a diffusive mem-
ristor, a metal-insulator transition (MIT) device, a
Zener diode, a mixed 1omic-electronic conducting
(MIEC) device;

cach of the TS memristors comprising a first end con-
nected to a CAM cell of the plurality of CAM cells and
a second end connected to a match line; and

a discharge transistor connected to the match line, the
discharge transistor configured to discharge any charge
on the match line 1n response to the CAM recerving a
command to perform a search.

2. The CAM of claim 1, wherein the CAM 1s configured
as one of a binary CAM, a ternary CAM, an analog CAM,
a static random access memory (SRAM) CAM.

3. The CAM of claim 1, further comprising a control
circuitry to perform one or more operations of write, read, or
search the plurality of CAM cells.

4. The CAM of claim 3, the control circuitry configured
to perform a search operation in response to receiving an
instruction from the processing circuitry.

5. The CAM of claim 1, wherein each CAM cell of the
plurality of CAM cells 1s connected to two TS memristors.

6. The CAM of claim 1, each TS memristor configured to
switch from an OFF state to an ON state when a voltage
across a respective TS memristor exceeds a threshold volt-
age ol the respective TS memristor.

7. The CAM of claim 1, wherein each TS memristor 1s
turther configured to switch from an ON state to an OFF
state when a voltage across the respective TS memristor falls

below a hold threshold.
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8. The CAM of claim 1, each CAM cell comprising:

a first memristor connected 1n series to a second mem-
ristor, wherein:

a first end of the first memristor 1s connected to a first
CAM cell switching transistor;

a first end of the second memristor 1s connected to a
second CAM cell switching transistor; and

a second end of the first memristor and a second end of
the second memristor are connected together at a
common node;

wherein a TS memristor 1s connected between the com-
mon node and the match line and configured to switch
from an OFF state to an ON state when a voltage on the
common node exceeds a threshold voltage of the TS
memristor.

9. A device comprising:

a processing circuitry;

a communications circuitry communicatively coupled to
the processing circuitry;

a content addressable memory (CAM) communicatively
coupled to the processing circuitry and the communi-
cations circuitry, the CAM comprising;:
an array of a plurality of CAM cells communicatively

coupled to a control circuitry of the CAM;

a plurality of threshold switching (TS) memristors, at
least one TS memristor configured to connect to each
of the plurality of CAM cells;

cach TS memristor comprising one of a diffusive mem-
ristor, a metal-insulator transition (MIT) device, a
Zener diode, a mixed ionic-electronic conducting
(MIEC) device;

cach of the TS memristors comprising a first end
connected to a CAM cell of the plurality of CAM
cells and a second end connected to a match line; and

a discharge transistor connected to the match line, the
discharge ftransistor configured to discharge any
charge on the match line 1n response to the CAM
recerving a command to perform a search.

10. The device of claim 9, wherein the CAM 1s configured
as one of a binary CAM, a ternary CAM, an analog CAM,
a static random access memory (SRAM) CAM.

11. The device of claim 9, wherein the control circuitry
configured to perform a search operation in response to
receiving an instruction from the processing circuitry.

12. The device of claim 9, wherein each TS memristor
configured to switch from an OFF state to an ON state when
a voltage across a respective TS memristor exceeds a
threshold voltage of the respective TS memristor.

13. The device of claim 9, wherein each TS memristor 1s
turther configured to switch from an ON state to an OFF
state when a voltage across the respective TS memristor falls
below a hold threshold.

14. The device of claim 9, each CAM cell comprising:

a first memristor connected 1n series to a second mem-
ristor, wherein:

a first end of the first memristor 1s connected to a first
CAM cell switching transistor;

a first end of the second memristor 1s connected to a
second CAM cell switching transistor; and

a second end of the first memristor and a second end of the
second memristor are connected together at a common
node;

wherein a TS memristor 1s connected between the com-
mon node and the match line and configured to switch

10

15

20

25

30

35

40

45

50

55

60

18

from an OFF state to an ON state when a voltage on the

common node exceeds a threshold voltage of the TS

memristor.

15. The device of claim 9, each CAM cell comprising:

a high side comprising:

a first memristor having a first end connected to a high
data line and a second end connected to a high-side
common node;

a first switching transistor having a first side connected
to a low data line and a second side connected to the
high-side common ground; and

a first TS memristor having a first end connected to a
match line and a second end connected to the high-
side common node;

a low side comprising:

a second memristor having a first end connected to the
high data line and a second end connected to a
low-side common node;

a second switching transistor having a first side con-
nected to the low data line and a second side con-
nected to the low-side common ground; and

a second TS memristor having a first end connected to
the match line and a second end connected to the
low-s1de common node.

16. A content addressable memory (CAM) comprising;:

an array of a plurality of CAM cells, each CAM cell

comprising:

a high side comprising:

a first memristor having a first end connected to a
high data line and a second end connected to a
high-side common node;

a first switching transistor having a first side con-
nected to a low data line and a second side
connected to the high-side common ground; and

a first TS memristor having a first end connected to
a match line and a second end connected to the
high-side common node;

a low side comprising:

a second memristor having a first end connected to
the high data line and a second end connected to
a low-side common node;

a second switching transistor having a first side
connected to the low data line and a second side
connected to the low-side common ground; and

a second TS memristor having a {irst end connected
to the match line and a second end connected to
the low-side common node; and

a discharge transistor connected to the match line, the

discharge transistor configured to discharge any charge

on the match line in response to the CAM receiving a

command to perform a search.

17. The CAM of claim 16, wherein each TS memristor
comprise one ol a diffusive memristor, a metal-insulator
transition (MIT) device, a Zener diode, a mixed 1onic-
clectronic conducting (MIEC) device.

18. The CAM of claim 16, each TS memristor configured
to switch from an OFF state to an ON state when a voltage
across a respective TS memristor exceeds a threshold volt-
age ol the respective TS memristor.

19. The device of claim 9, wherein each CAM cell of the
plurality of CAM cells 1s connected to two TS memristors.

20. The CAM of claim 16, wherein each CAM cell of the
plurality of CAM cells 1s connected to two TS memristors.
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